Tryptophan-and thymine-requiring cells of Bacillus subtilis, emerging from an amino acid starvation treatment which causes arrest of the chromosomes at the terminus, were not transformable. During subsequent incubation in a thymineless medium supplemented with amino acids, the cultures developed competence while retaining chromosome arrest. The competent subpopulation apparently shares the synchronous chromosome arrest of the bulk population. This was shown by different methods. The principal method was marker frequency analysis of the deoxyribonucleic acid extracted from a population enriched for competent cells by a column-chromatographic method. It is concluded that development of the competent state can occur in nondividing cells, and that the presence of a replication fork actively engaged in synthesis of deoxyribonucleic acid is not required for the development of this state.
One of the principal unsolved problems in the area of transformation concerns the mode of entry of deoxyribonucleic acid (DNA) into bacteria. What is the mechanism whereby 5 ,umlong DNA molecules are taken up, more or less intact, by 1 ,m-long cells? How do these enormous molecules (or at least their very large derivatives) pass through the cell wall and the membrane into the cell interior?
Although present data provide scarcely a clue concerning the mode of DNA transport through the cell membrane, a possible suggestion is provided by the tentative findings that the chromosome replication fork and, perhaps, the chromosome terminus are attached to the membrane (8, 12) and that, when bacteria conjugate, a large DNA molecule can issue forth from the cell interior at a replication fork attachment point (10) . Might DNA entry occur at this site also?
To follow this possible clue, we attempted to determine whether the ability of cells to be transformed depended on either the location or movement of the DNA replication fork. Our approach was to obtain cultures which were I This work was carried out by L.J.A. in partial fulfillment of the requirements of Georgetown University for the degree of Doctor of Philosophy. 2 Present address: Instituto de Botanica, Universidade do Porto, Porto, Portugal.
simultaneously competent and in a state of chromosome synchrony and arrest at the terminus. These cultures were then compared to ordinary competent cultures with respect to their ability to take a variety of markers into the cell interior and to be transformed.
Some of our findings were previously summarized (L. J. Archer and 0. E. Landman, Bacteriol. Proc., p. 52, 1967). They are detailed in this and the accompanying report (4) , which describes marker entry in chromosome-arrested cells (4) . The (3) and then (sometimes after storage in the frozen state) washed three times by centrifugation in TPM1 (see Table 1 ) devoid of tryptophan, HCA, or thymine to remove all traces of thymine. The cells were then resuspended in the same medium at a concentration of 109 to 2 X 109 and incubated for about 15 min. They were then supplemented with tryptophan and HCA to bring the final concentrations of the amino acids to the level indicated for TPM1. After incubation for different times, the cultures were diluted 1:10 into fresh medium. After dilution, the final composition of the medium was that indicated for TPM2. Further incubation followed for different times.
Methods of DNA isolation. In some instances, transforming DNA was isolated by the method of Marmur (13), omitting only the treatment with ribonuclease. In other cases, DNA was isolated by the method of Saito and Miura (16) , omitting also the ribonuclease step and adding 100,sg of trypsin per ml during the last 5 min of incubation with lysozyme. After extraction, the DNA was dissolved in 0.015 M NaCl, 0.0015 M sodium citrate, pH 7.0 (0.1 X SSC), and then dialyzed against the same solution for 3 hr at room temperature, then overnight in a refrigerator, and again for 3 hr at room temperature. In each of these dialyzing periods, 1 liter of fresh 0.1 X SSC was used.
When the total number of cells available for DNA (16) was used also, but the ethyl alcohol precipitation step was omitted and the number of changes of dialysis fluid was increased to six or seven. Residual phenol was removed by repeated extractions with equal volumes of ether followed by separation through centrifugation for 5 min at low speed. The residual ether was removed by bubbling air through the preparation. Transformation assay. Transforming DNA dissolved in 0.15 M NaCl, 0.015 M sodium citrate, pH 7.0, was given in saturating amounts, unless otherwise indicated, to cultures rendered competent by one of the described procedures. After 25 min of incubation, the reaction was terminated by addition of 5 to 10 jg of deoxyribonuclease per ml. Incubation in the presence of deoxyribonuclease was for 10 min. Dilutions of the culture in DF medium were then plated on A medium (Table 1) . For viable counts, this medium was supplemented with all the required metabolites. For counts of transformants, individual supplements were omitted. All supplements were given at a concentration of 20 jg/ml, except for adenine, which was given at a level of 50 jg/ml.
Controls for spontaneous mutation and checks for activity of deoxyribonuclease were included in all experiments. All counts were averages of at least three plates.
Relative marker frequency analysis. This method has been described (18, 20) and was used as follows,
The recipient culture, strain M21E, was rendered competent by the method described for nonsynchronized cultures, dispensed in 1-ml samples, frozen in a dry-ice-acetone mixture, and stored at -20 C. The donor DNA to be analyzed was isolated by the method of Saito and Miura (16) . The standard donor DNA, isolated from spores by the same method, was a gift from Naoyo Anraku. Details of its extraction were described (3). Amounts of each DNA far below the saturation level were added to different samples of the competent M21E recipient. Transformants were scored for ade+, leu+, and met+. The plating medium was minimal glucose-agar medium (17) with the appropriate supplements, and included 20 pg of tryptophan per ml and 20 pg of thymine per ml. The results presented for each marker are the average of at least five plates.
Chromatographic enrichment for competent cells. A recently developed method of chromatographic enrichment for competent cells (Knott, Miller and Landman, in preparation) is based on the finding that donor DNA bound to the outer surface of competent cells suspended in 7X buffer becomes attached to a DEAE cellulose column. Since the incompetent cells of the background population do not bind exogenous DNA, they can be eluted with more 7X buffer. This eluate constitutes the first fraction (F1). The competent cells remain attached to the column by the DNA. Subsequently, they can be released by deoxyribonuclease and can be separately eluted. This is the second fraction (F2), enriched for competent cells.
RESULTS
Development of competence in cultures with chromosomes previously arrested at the terminus. B. subtilis SB566 cultures were first subjected to a 4.5-hr period of amino acid starvation. Through this treatment, the chromosomes became uniformly arrested at the terminus (3). Addition of transforming DNA to cultures at the beginning or shortly after completion of the amino acid starvation yielded none or only an insignificant number of trp4 or thy-transformants.
A possible way to render these cultures competent without losing chromosome arrest was suggested by earlier observations of Anraku and Landman. They showed that chromosome-arrested cells remained fully viable for 10 hr in Spizizen's liquid medium lacking thymine but supplemented with a low concentration of amino acids and containing 0.35 M or 0.5 M sucrose. This immunity against thymineless death was shown to be due to the maintenance of chromosome arrest (3). The ordinary procedure for the development of competence in chromosomesynthesizing cultures makes use of two successive incubation media similar to the medium used by Anraku and Landman (3). We combined elements of the procedure for maintenance of chromosome arrest with elements of the regular procedure for development of competence to obtain competent cultures with synchronously arrested chromosomes.
After different periods of incubation of the chromosome-arrested cultures in TPM1 and TPM2, samples were withdrawn and checked for transformability and viable count. Wild-type DNA was used and trp+ transformants were scored (Fig. 1) . After a few hours of incubation in TPM1, trp+ transformants appeared and gradually increased in number as incubation proceeded. A maximum was reached after about 8 hr. An additional boost in transformability was obtained after a 1 :10 dilution into TPM2 and further incubation. Transformability always increased more rapidly after dilution-transfer to TPM2 than in controls remaining in TPM1 (Fig. 1) . The appearance of thy+ transformants and of thy+trp+ doubles followed a pattern quite similar to that shown in Fig. 1 . The timing of competence development was affected by storage of the cultures in the frozen state. The longer the storage in the deep freeze, the longer were the periods of incubation required to reach the peak of competence.
Repeated determinations of viable counts were made throughout the lengthy incubations in TPM1 and TPM2 in several experiments. Maintenance of chromosome arrest at the terminus during development of competence. In our experimental system, several hours intervene between the time of chromosome arrest and the time when the peak of competence is reached. So far, we have assumed that during this time interval chromosome arrest was maintained, since no thymineless death was detectable, no thymine was present in the medium, and the thy block in our strain is not leaky (5) . However, it may be argued that these observations and conditions are insufficient to rule out the possibility that DNA turnover or some other phenomenon might have allowed chromosome replication in a small fraction of the population, and that competent cells might belong to that fraction. To investigate this matter, the following experiments were performed.
Development of competence during induced chromosome replication. If the individual cells which gradually developed competence were part of a small subpopulation which had resumed chromosome replication, conditions favoring initiation of chromosome synthesis should also enhance the development of competence. This prediction was tested in the following experiments. An amino acid-starved culture was incubated for 8 hr in TPM1. It was then diluted 1 :10 into TPM2 in the usual way. At this point, the culture was divided into five samples, all of which were further incubated for 90 min. At 0, 15, 70, and 80 min, respectively, after the beginning of this incubation in TPM2, 50 ,ug of thymine per ml was added to each of the samples. The fifth sample received no thymine. Transforming DNA was added to all samples at the same time, after 90 min in TPM2, and the transformation assays were performed in parallel ( HCA-supplemented cultures, since the competent subpopulation in our cultures must develop its competence in the absence of exogenous thymine. To counter this objection, we performed two experiments in which chromosome synthesis was first initiated by a 20-min incubation with thymine at the time of transfer to TPM2, then the usual conditions of thymine starvation in TPM2 were reinstituted. As anticipated (3), a rapid decline in viability ensued, confirming that immunity to thymineless death had been lost as a result of chromosome initiation. In addition, transformability to trp+ and to thy+ was followed during the period of thymineless death. A rapid rise in competence was observed, followed by a decline. Unexpectedly, the transformability of the trp marker declined more rapidly than that of the thy marker. At 4. Marker frequency analysis of DNA extracted from amino acid-starved competent cultures. More direct evidence that chromosome arrest was maintained in the competent subpopulation was obtained by the use of marker frequency analysis (18) . In this procedure, the ratios of transforming activities of early markers to late markers in DNA from our chromosome-arrested cultures were compared with the analogous ratios of spore DNA. Spore chromosomes are known to be fully completed (19) .
A chromosome-arrested culture of SB566 was rendered competent by 7.5 hr of incubation in TPM1, followed by 4 hr of incubation in TPM2. Wild-type DNA was then added to a small sample to assay transformability. The rest of the culture was used to extract DNA by the method of Saito and Miura (16) . This extracted DNA was subjected to marker frequency analysis, using competent M21 E cultures as recipients. DNA from SB566 spores served as standard. DNA extracted from a logarithmically growing culture of SB566 was also analyzed in parallel to serve as a basis for comparison (Table 3) . At the time of DNA extraction, the number of transformants scored amounted to 0.45 % of the total population and the calculated percentage of competent cells was 1.40% (15) . As shown in Table 3 , the DNA extracted from this culture yielded ade-met and leu-met ratios which were very close to the corresponding ratios obtained with spore DNA. In the bulk culture, there was thus no loss of chromosome arrest detectable by this sensitive method at the end of an 11.5-hr period of competence development.
There is no obvious reason why the overall maintenance of chromosome arrest should not be fully shared by the small minority population of competent cells. Further, the observation thaE, in other systems, competent cells synthesize much less DNA than the rest of the population (5, 14) makes it highly unlikely that the chromosomes of the competent cells be preferentially nonarrested. Finally, the fact that the competent cells exhibit immunity to thymineless death during lengthy incubations in thymine-free medium provides good evidence for the view that these cells retained chromosome arrest.
Despite the validity of these arguments, it is clear that our demonstration of highly synchronous chromosome arrest in the bulk population is not sufficient to prove that the competent cells were similarly uniformly arrested if we make the assumption that the competent cells alone were asynchronous. (Since only 1.4% of the total population was competent, the normalized ade-met ratio predicted for such a situation should have been no larger than 1.014.)
To overcome this possible objection, a population which had been greatly enriched for competent calls-an F2 population-was subjected to marker frequency analysis. A frozen sample of a chromosome-arrested, competent culture was 170 thawed and incubated for 20 min. Transforming DNA was then added, and incubation was continued for 20 min longer. At this point, a small sample was treated with deoxyribonuclease and used for the determination of transformation frequencies and total viable count. The rest of the culture was passed through the described chromatographic column and fractions F1 and F2 were collected. From each fraction, a sample was used for determination of transformation frequencies and viable count. The rest of the cells of the F2 were collected by centrifugation, and their DNA was extracted by the method described for a low number of cells. The extracted DNA was then subjected to a marker frequency analysis by using M21E-competent cultures as recipients and spore DNA as standard.
It is obvious that the transforming DNA added to the synchronized culture is taken up by many of the cells and is later extracted together with the resident DNA of the F2. This contaminating DNA might exist in quantities large enough to interfere with the subsequent marker frequency analysis of the F2 DNA. For this reason, the transforming DNA given to the synchronized culture was extracted from strain M21E, which was to be used as recipient for the analysis of the F2 DNA. Consequently, the DNA used for capture of the F2 on the column did not interfere with the marker frequency analysis of the DNA extracted from the F2 .
The M21E DNA used for transformation and fractionation on the DEAE column was a 1:1 mixture of DNA prepared by the Marmur method (13) and DNA prepared by the method of Saito and Miura (16) . It was found empirically that such a mixture would lead to efficient transformation and recovery of the F2 .
The results of the marker frequency analysis on the F2 population are shown in Table 3 . The normalized ade-met and leu-met ratios of F2 DNA are extremely close to 1.00. This result indicates that, in virtually all of the cells of the F2, the same number of adem6 markers were present as met markers, i.e., that virtually all of the F2 cells had their chromosomes arrested at the terminus. If the 11.7% competent cells in this culture had initiated synthesis of their chromosomes, the ade-met ratio would have been 1.117. Our results appear to rule out this assumption. Even if the calculation of the competent fraction were in error by a factor of two the conclusion would be similar. DISCUSSION Development of competence and the growth cycle. The literature is replete with empirical data which link the development of competence in the various transformable bacteria to special growth conditions. In B. subtilis alone, a variety of special conditions have been cited as playing a role in competence. A direct relationship was found between generation time and the development of competence (9) . In a different system, competence first appeared in late log phase, when the optical density curve begins to deviate from linearity, and the peak of competence was always reached 3 hr thereafter (6) . Bacilli emerging from spores exhibited competence, and it was postulated that partial absence of the cell wall played a special role in facilitating transformation (17) . By contrast, genetic (2) , morphological (22), and biochemical (14) evidence has been adduced to relate competence to a physiological state related to presporulation.
It is uncertain which aspects of the various conditions conducive to the appearance of competence are common and essential to competence development. This uncertainty is due largely to our poor understanding of the competent state.
A virtue of the competence-development procedure which is described in this paper is that it permits us to characterize as unessential several processes which have at one time or another been considered important to competence development. In particular, it is clear that a label such as "exponentially growing" or "stationary phase" cannot be applied to our chromosome- arrested cultures. Similarly, it is clear from our experiments that cell division cannot play an essential role in competence development, or, for that matter, in marker intake (4) .
Development of competence in the absence of chromosome replication. A further question is whether DNA synthesis might be dispensable during competence development. This question is pertinent since, in the procedures most commonly used for competence development, the appearance of the competent state is preceded by a period of active growth and cell division. In an earlier study, some DNA synthesis was found to occur during the development of competence (5); 50% of the competent cells participated in DNA synthesizing activity (14) .
Our results show clearly that chromosome replication is not essential for the development of competence since, in our cultures, competence first appears and develops long after DNA synthesis has been blocked. There is no net DNA synthesis in cultures of chromosome-arrested B. subtilis (3) .
Development of competence in cells with chromosomes arrested at the terminus. Our experiments show that the chromosome-arresting effect and the competence-blocking effects of amino acid starvation are separable. Chromosome-arrested cells could be rendered competent while retaining arrest at the terminus. This was possible because amino acids and thymine must be present simultaneously in order to reinitiate chromosome synthesis (3), whereas amino acids alone are sufficient to permit synthesis of the protein(s) required for competence.
Chromosome arrest in the competent subpopulation. One of the principal aims of this research was to demonstrate that the chromosomes of the competent subpopulation were uniformly arrested at the terminus, just like the chromosomes of the bulk population. Several of our findings support this conclusion. The competent cells possess the same immunity to thymineless death as the bulk population-this would not be expected if their chromosomes were incomplete. If chromosome synthesis is restarted in the arrested culture by giving a steady thymine supplement, the development of competence is actually poorer than if thymine starvation is maintained. If the chromosomes are started by a thymine pulse, thymineless death ensues and a competence pattern develops which is again different from that observed in the chromosome-arrested cultures. Finally, marker frequency analyses carried out on a population enriched to contain 11.7% competent cells indicated that uniform arrest of chromosomes at the terminus had been maintained. If the chromosomes of 11.7% of this population had initiated replication, we consider that our experiments would have detected it.
